Background: Combination therapy remains a promising strategy for treating neurodegenerative diseases, although green synthesis of gold nanoparticles for treating chronic neuroinflammation and studying their efficacy in treating neuroinflammation-mediated neurodegenerative diseases is not well assessed. Results: Here, Ephedra sinica Stapf (ES) extract was used as the reducing, capping, and stabilizing agent for gold nanoparticle synthesis. We developed ES extract-capped gold nanoparticles (ES-GNs) and investigated their anti-neuroinflammatory properties in microglia. ES-GNs displayed maximum absorption at 538 nm in ultraviolet-visible spectroscopy. Dynamic light scattering assessment revealed that ES-GN diameter was 57.6±3.07 nm, with zeta potential value of −24.6±0.84 mV. High resolution-transmission electron microscopy confirmed the spherical shape and average diameter (35.04±4.02 nm) of ES-GNs. Crystalline structure of ES-GNs in optimal conditions was determined by X-ray powder diffraction, and elemental gold presence was confirmed by energy-dispersive X-ray spectroscopy. Fourier transform-infrared spectroscopy confirmed gold nanoparticle synthesis using ES. Antineuroinflammatory properties of ES-GNs on production of pro-inflammatory mediators (nitric oxide, prostaglandin E 2 , and reactive oxygen species) and cytokines (tumor necrosis factor-α, IL-1β, and IL-6) in lipopolysaccharide (LPS)-stimulated microglia were investigated by ELISA and flow cytometry. ES-GNs significantly attenuated LPS-induced production of proinflammatory mediators and cytokines, which was related to suppressed transcription and translation of inducible nitric oxide synthase and cyclooxygenase-2, determined by RT-PCR and western blotting. ES-GNs downregulated upstream signaling pathways (IκB kinase-α/β, nuclear factor-κB, Janus-activated kinase /signal transducers and activators of transcription, mitogen-activated protein kinase , and phospholipase D) of pro-inflammatory mediators and cytokines in LPS-stimulated microglia. Anti-neuroinflammatory properties of ES-GNs were mediated by ES-GNs-induced AMP-activated protein kinase)-mediated nuclear erythroid 2-related factor 2 /antioxidant response element signaling. Conclusion: Collectively, these findings provide a new insight on the role of ES-GNs in treating chronic neuroinflammation-induced neurodegenerative diseases. Keywords: gold nanoparticle, Ephedra sinica Stapf, microglia, neuroinflammation
Introduction
Advances in nanotechnology allow the production of biocompatible nanoparticles with "green" synthesis techniques. Among the nanomaterials, gold nanoparticles can be synthesized with great precision using medicinal plants. 1, 2 Furthermore, medicinal plants are the most effective and high-performance reducing, capping, and stabilizing agents because their reducing, capping, and stabilizing capacity direct the synthesis of gold nanoparticles and enables well-programmed tuning of nanoscale materials. [3] [4] [5] Gold nanoparticles synthesized from medicinal plants provide unprecedented opportunities in a number of environmental and biomedical applications, including use as anti-inflammatory, anti-cancer, and antiangiogenic agents and for drug/gene delivery. 6, 7 The unique advantages of "green" synthesis over conventional chemical synthesis can be straightforwardly and rapidly exploited for biomedical materials. Owing to the "green" synthesis of biocompatible gold nanoparticles, which do not yield hazardous environmental waste by-products, they have drawn attention as a useful bionanomaterial with the emergence of bionanotechnology. [8] [9] [10] Therefore, the aim of this study was to contribute to the discovery and identification of biocompatible gold nanoparticles synthesized with Ephedr sinica Stapf (ES) against neuroinflammatorymediated neurodegenerative diseases, including frontotemporal dementia and amyotrophic lateral sclerosis as well as Alzheimer, Huntington, and Parkinson disease. Neuroinflammation, inflammation of the central nervous system (CNS), has recently been recognized to play key roles in the pathogenesis of neurodegenerative disorders. In addition, neuroinflammation, characterized by chronic activated microglia, can lead to neuronal damage and often results from its dysfunction. 11, 12 Microglia are one of the resident immune cells of the brain that maintain CNS homeostasis by clearing neuronal damaged cells and debris. In their quiescent state in healthy condition, microglia monitor the neighboring environment with their extensive processes. 13, 14 Nevertheless, upon recognizing a disruption in homeostasis, microglia activate the production of cytokines, such as tumor necrosis factor-α (TNF-α), IL-1β, IL-6, and inflammatory mediators, including ROS, nitric oxide (NO), prostaglandin E 2 (PGE 2 ), inducible nitric oxide synthase (iNOS), and cyclooxygenase (COX)-2. The stage of neuroinflammation in neurodegenerative diseases is correlated with the generation of TNF-α, IL-6, ROS, NO, and PGE 2 , whose circulating levels are typically evaluated in chronic neuroinflammation. These mediators and cytokines play pivotal roles in the promotion of neurodegenerative disorders. 15, 16 As mentioned above, neuroinflammatory mediators and cytokines play an imperative role as a messenger in homeostatic functions of microglia, but their persistent or prolonged production from chronic-activated microglia plays a pivotal role in chronic neuroinflammatory-mediated neuropathogenesis and serves as a prolific factor of neurodegenerative disorders. 17, 18 Therefore, the discovery of biocompatible gold nanoparticles with anti-neuroinflammatory activity that could limit possible neuroinflammatory-mediated neurodegenerative diseases is desired. A high number of intracellular signaling major pathways, including IκB kinase (IKK)-α/β, nuclear factorkappa B (NF-κB), Janus-activated kinase (JAK)/signal transducers and activators of transcription (STAT), mitogen-activated protein kinase (MAPK), and phospholipase D (PLD) signaling pathways, participate in neurodegenerative disorders and lead to the production and expression of stimulatory pro-inflammatory-inducible enzymes. 19, 20 Moreover, IKK-α/-βNF-κB signal contains p50/p65; p50/ p65 forms a complex with IκBα in the cytosol and then releases p50/p65 that is translocated to the nucleus where it regulates the transcription of COX-2, iNOS, TNF-α, IL-1β, and IL-6. Moreover, the JAK/STAT signal also plays an important role in the activation of microglia and leads to the upregulation of these pro-inflammatory inducible enzymes and cytokine expression. 21, 22 Notably, lipopolysaccharide (LPS), a well-known endotoxin of the outer membrane of Gram-negative bacteria, induces neuroinflammation, and IKK-α/β-NF-κB and JAK/STAT signaling are critical for promoting neurodegenerative disorders. However, microglia inhibitors or small interfering (si)RNA system of IKK-α/β-NF-κB and JAK/STAT signaling have been reported to suppress neuroinflammatory-mediated neurodegenerative diseases. 23, 24 AMP-activated protein kinase (AMPK) and nuclear erythroid 2-related factor 2 (Nrf2) are the two modulators of anti-inflammatory mechanism that are involved in the regulation of neuronal cell defense and repair systems. AMPK is a master regulator of energy homeostasis and mediates anti-inflammatory mechanism by activation of Nrf2 signal. 25, 26 Moreover, AMPK inhibits LPS-mediated activation of IKK-α/β-NF-κB and JAK/STAT signaling in microglia and macrophages. Activation of Nrf2 and nuclear translocation leads to transcriptional activation of antioxidant responsive element (ARE), which regulates anti-inflammatory genes, such as heme oxygenase-1 (HO-1) and NAD(P)H:quinone oxidoreductase (NQO1). AMPK mediates Nrf2/ARE signaling, leading to the transcription activity of Nrf2, and then induces anti-inflammatory genes. Importantly, AMPK and Nrf2 signaling are highly interconnected. 27, 28 disorders, and AMPK and Nrf2 play important roles in the development of neurodegenerative disorders. Nrf2 is also an anti-inflammatory factor of neurodegenerative disorders and upregulates the expression of anti-inflammatory mediators, HO-1 and NQO1, and decreases the expression of proinflammatory mediators, iNOS and COX-2. HO-1 and NQO1, well-known intracellular-inducible Phase II enzymes, regulate neurodegenerative disorders. Accumulating evidence has indicated that Nrf-2-mediated HO-1 and NQO1 activation suppresses production of pro-inflammatory mediators and cytokines and plays roles in an array of biological processes, including alleviation of symptoms of neuroinflammationmediated neurodegenerative diseases. 24, 29, 30 ES, commonly known as Ephedra or Ma Huang, is native to central Asia. It has been commonly used as an anti-inflammatory agent and to treat autoimmune diseases, including pyrexia, asthma, and rheumatoid arthritis, in Traditional Chinese Medicine. 31 Recently, studies have indicated that ES can target the CNS and can mitigate ischemic brain injury. ES extract exhibits antioxidant, antiinflammatory, anti-arthritic, anti-obesity, and neuroprotection effects. [32] [33] [34] [35] [36] Based on the wide range of bioactivities of ES as mentioned above, we supposed that it may be a good "green" candidate for the preparation of ES extractcapped gold nanoparticles (ES-GNs) with potential pharmacological effects. Therefore, in this study, we aimed to explore the advantages of green synthesis of ES-GNs, which were characterized for its physiochemical properties by ultraviolet-visible (UV-Vis) spectrometry, dynamic light scattering (DLS), high resolution-transmission electron microscopy (HR-TEM), energy-dispersive X-ray spectroscopy (EDS), X-ray powder diffraction (XRD), and Fourier transform-infrared spectroscopy (FT-IR). Furthermore, we evaluated the effects of ES-GNs in interlink of neuroinflammation-neurodegenerative disorders; the results showed that pro-inflammatory mediators and cytokines were downregulated by ES-GN treatment. Moreover, ES-GNs suppressed activation of a variety of neuroinflammation signaling pathways, such as IKK-α/β-NF-κB, JAK/STAT, and MAPK, and subsequently decreased either the downstream target mediators of these signaling pathway or cytokines in LPS-stimulated microglia. Intriguingly, ES-GNs failed to weaken chronicactivated microglia by knockdown of AMPK, Nrf2, HO-1, and NQO1, indicating that the beneficial effects of ES-GNs on regulation of neuroinflammation were dependent on the AMPK-Nrf2 signaling pathway. These findings provide a new insight on the application of ES-GNs in neuroinflammation-mediated neurodegenerative disorders and may help confine the effects of chronic-activated microglia to neurodegenerative diseases.
Material and methods

Materials and chemicals
Analytical grade reagents of DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS [2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid], chloroauric acid [HAuCl4·3H2O; also known as gold(III) chloride], MTT, LPS from Salmonella enterica, X-tremeGENE siRNA, FuGENE HD transfection reagents, and other reagents were supplied by Sigma-Aldrich (St. Louis, MO, USA) and used as received. A Cytotoxicity Detection kit for determining lactate dehydrogenase content (LDH) was procured from Roche Applied Science (Rotkreuz, Switzerland). The chloromethyl derivative of H2DCFDA (CM-H 2 DCFDA) was supplied by Thermo Fisher Scientific Inc. (Waltham, MA, USA). Mouse TNF-α, IL-1β, and IL-6 Quantikine ELISA kits were obtained from R&D Systems Inc. (Minneapolis, MN, USA). Primary antibodies against TBP, α-tubulin, iNOS, extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinase (JNK), p38, HO-1, COX-2, Nrf2, IκBα, NF-κBp65, and NQO1 were sourced from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against p-glycogen synthase kinase 3 beta (GSK-3β), GSK-3β, p-p65, p-IκBα/β), IκBα/β), p-IκBα, IκBα, STAT-1, p-STAT-1, p-ERK, p-38, p-JNK, JAK, p-JAK1, p-AMPK, and AMPK were obtained from Cell Signaling Technology (Beverly, MA, USA). siRNAs specific for mouse AMPK, HO-1, Nrf2, and NQO-1 were sourced from Santa Cruz Biotechnology.
Total phenol content assay of ES extract
The Folin-Ciocalteau colorimetric method was used for the assessment of total phenol content in ES extract 37 with some modifications. ES extract was incubated for 2 mins with Folin-Ciocalteau reagent, and then 0.708 mol/L Na 2 CO 3 was added. The mixture was incubated at room temperature (22-25°C) for 2 hr, and absorbance was quantified at 700 nm using Ultrospec 6300 Pro (GE Healthcare Life Sciences, Buckinghamshire, UK). The results were expressed as gallic acid equivalent per gram ES extract.
Total flavonoid content assay of ES extract
The aluminum chloride colorimetric method was used for determination of total phenol content of ES extract 38 with some modifications. ES extract was mixed with an equal volume of double distilled water, followed by addition of 5% NaNO 2 . After incubating at room temperature for 5 mins, 10% AlCl 3 was added to the mixture, incubated at room temperature for 5 mins, and 1 M NaOH was added to the mixture. Absorbance was analyzed at 510 nm using the VICTOR Multilabel Plate Reader (Perkin-Elmer, Waltham, MA, USA). The total flavonoid content was expressed as microgram quercetin equivalent per gram ES extract.
DPPH free radical scavenging assay of ES extract DPPH free radical scavenging activity of ES extracts was determined according to a previously described method 39 with some modifications. Equal volumes of 60 µM DPPH solution and ES extract were mixed in microplates. The mixture was allowed to stand for 30 mins at room temperature (22-25°C) in the dark, and absorbance was analyzed at 510 nm using the VICTOR Multilabel Plate Reader.
ABTS radical scavenging assay of ES extract
ABTS radical scavenging activity of ES extracts was analyzed following a previously reported method 40 with slight modifications. Stock solutions of 7 mM ABTS and 2.6 mM potassium persulfate were prepared in double distilled water at room temperature (22-25°C) in the dark for 16 hrs. ES extracts were mixed with the working solution and then allowed to stand for 30 mins at room temperature (22-25°C) in the dark. Absorbance was quantified at 734 nm using Ultrospec 6300 Pro (GE Healthcare Life Sciences).
Assaying reducing power of ES extract
Reducing power potential of ES extract was determined following a previously described method. 38 Serial dilution of ES extract was performed in 0.2 M phosphate buffer (pH 6.6) containing 1% potassium ferric cyanide. The mixture was incubated at room temperature (22-25°C) for 20 mins. Next, 10% trichloroacetic acid was added to this mixture and centrifuged (3000×g) for 10 mins. The supernatant was mixed with 0.1% ferric chloride, and absorbance was quantified at 700 nm with Ultrospec 6300 Pro (GE Healthcare Life Sciences). Ascorbic acid was used as the standard, and results were expressed as microgram ascorbic acid equivalents per gram sample.
Green synthesis of ES-GNs
ES stem was purchased from Kwang Myoung Herb Medicine (Busan, South Korea) in September 2016. To prepare ES extract, chopped ES stem was extracted in distilled water at 100°C for 4 hrs. ES supernatant was vacuum-filtered (0.45-μm pore size filter; Sartorius Biotech GmbH, Gottingen, Germany), freeze-dried (final yield of 27 g), and stored in a refrigerator (4°C). ES freeze-dried extract was dissolved in distilled water and filter-sterilized through a 0.22-μm pore filter (Sartorius Biotech GmbH, Gottingen, Germany) and stored in a refrigerator (4°C). For the green synthesis of ES-GNs, a mixture of a 1 mM chloroauric acid solution and ES extract (2 mg/mL) was added under rigorous stirring (the mixture immediately turned violet) and was stationarily incubated at room temperature (22-25°C) for 10 mins. Then, the remaining residues were eliminated by centrifugation at 13,000 rpm for 20 mins. ES-GNs were synthesized using the abovementioned procedure but without the addition of chloroauric acid.
Physicochemical characterization of ES-GNs
UV-Vis absorbance of ES-GNs was determined using Ultrospec 6300 Pro (GE Healthcare Life Sciences). DLS and zeta-potential measurements of ES-GNs were performed on the Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK). HR-TEM and EDS studies were performed using a TALOS F200X HR-TEM operated at an accelerating voltage of 200 kV and equipped with a dispersive X-ray spectroscopy. XRD measurements were recorded using an X-ray diffractometer (XRD Empyrean series 2, PANalytical, Almelo, The Netherlands). The XRD pattern was determined with the following parameters: scanning range, 30-80; voltage, 40 kV; and current, 30 mA. FT-IR spectroscopy of ES extract and ES-GNs was performed using a FT-IR spectrophotometer (Spectrum GX, PerkinElmer, Inc., Boston, MA, USA) in the range between 4,000 and 400 cm. Committee of the Pusan National University (Certification No. PNU-2017-1518). Isolated mouse primary microglia cultures were prepared as previously explained. 41 The purity of microglia (>95%) was determined using antiCD11b antibody by flow cytometer analysis. Briefly, mouse primary microglia were extracted from the frontal cortices of newborn (3-day-old) ICR mouse pups (Doo Yeol Biotech, Seoul, Korea). The isolated mixed glia were maintained in Dulbecco's Modified Eagle's Medium (DMEM)/F12 containing 20% FBS, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine, and 50 mg/mL penicillin/streptomycin in poly-L-lysinecoated flasks at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. After 2 weeks of culture, the mixed glia cells were shaken on an orbital shaker at 180 rpm, and the medium was then harvested. Primary microglia were subplated and used for further experiments. Mouse BV-2 microglial cells were maintained in DMEM (Welgene) with 5% heat-inactivated FBS and 1% penicillin/streptomycin solution (Welgene) at 37°C in a humidified incubator with 5% CO 2 .
Cell viability measurement by MTT and LDH assay
For MTT assay, MTT solution was added to the remaining primary microglial and BV-2 microglial cell suspensions and incubated at 37°C for 4 hrs. Absorbance was analyzed at 570 nm using the VICTOR Multilabel Plate Reader. For determining extracellular LDH activity in primary microglial and BV-2 microglial cell culture media, we used a cytotoxicity detection kit according to the manufacturer's protocol. Absorbance was quantified at 490 nm using the VICTOR Multilabel Plate Reader.
Bioassay of NO and PGE 2 concentration
The supernatant of BV-2 microglial cells from each sample was collected for detecting the concentration of NO and PGE 2 with Griess Reagent System (Promega, USA) and Quantikine ELISA Kits according to the manufacturer's instructions. NO and PGE 2 concentration were detected at 540 and 490 nm, respectively, on the VICTOR Multilabel Plate Reader.
Cytokine assay for TNF-α, IL-1β, and IL-6
Pro-inflammatory cytokines were quantified from cell-free culture supernatant using mouse TNF-α, IL-1β, and IL-6 Quantikine ELISA kits. In brief, cultured primary microglia and BV-2 microglial cells were pretreated with ES-GNs for 1 hr before treatment and with LPS for additional 24 hrs.
Total RNA and cDNA preparation for quantitative real-time PCR
Total RNA was extracted using QIAGEN RNeasy® Mini kit (QIAGEN GmbH, Germany), and cDNA was synthesized using Maxime RT PreMix (Bioneer, Daejeon, Korea) according to the manufacturer's protocol. Quantitative real-time PCR was performed using SYBR® Green RealTime PCR Master Mixes (Thermo Fisher Scientific, Inc.) and Chromo4 RT-PCR detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer's instructions. The relative gene expression was analyzed using the critical threshold method in Opticon Monitor software program.
Assay for PLD activity PLD activity was quantified using Amplex Red PLD assay kit according to the manufacturer's protocol. In brief, cultured BV-2 microglial cells were pretreated with ESGNs for 1 hr before an additional treatment with LPS for 24 hrs. PLD activity was observed indirectly using 10-acetyl-3,7-dihydroxyphenoxazine. The red fluorescence was quantified using the VICTOR Multilabel Plate Reader.
Transient transfection and dual luciferase activity assay BV-2 microglial cells were cultured and then transfected with iNOS, NF-κB, COX-2, ARE, or HO-1-luc reporter plasmids (containing the firefly luciferase gene) using the FuGENE® HD Transfection Reagent according to the manufacturer's instructions. A Renilla luciferase control plasmid, pRL-CMV (Promega Co.), was co-transfected as the internal control for determining transfection efficiency. Luciferase activities were determined using a Dual Luciferase® Reporter Assay System (Promega Co.) and the VICTOR Multilabel Plate Reader.
Measurement of intracellular ROS levels
BV-2 microglial cells were seeded in six-well plates and allowed to proliferate to 80% confluence. The cells were then stained with a general oxidative stress indicator (CM-H2DCFDA, a fluorescent probe). After 30 mins of incubation, the cells were harvested and suspended in PBS. Fluorescence intensity was analyzed using a flow cytometer (Beckman Coulter FC500, Pasadena, CA, USA). The data were quantified using CXP 2.0. At least 10,000 cells were evaluated for each run.
siRNA transfection BV-2 microglial cells were transfected with control siRNAs or mouse HO-1, NQO-1, Nrf2, and AMPK siRNA using the X-tremeGENE siRNA Transfection Reagent according to the manufacturer's protocol. In brief, BV-2 microglial cells were incubated with control siRNA or mouse HO-1, NQO-1, Nrf2, or AMPK siRNA in serum-free Gibco TM Opti-MEM TM media (Thermo Fisher Scientific, Inc). The specific siRNA-transfected cells were prepared, and the protein expression of HO-1, NQO-1, Nrf2, and AMPK were analyzed by western blot analysis.
Western blot analysis
The total protein samples of microglia and BV-2 microglial cells were obtained using a radioimmunoprecipitation assay buffer (Thermo Fisher Scientific, Inc.) with a protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA). The nuclear protein samples were extracted using the NE-PER ™ Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher Scientific Inc.). Extractions were performed strictly according to the manufacturer's protocol. The samples were quantified using the Bio-Rad protein assay kit. Samples were separated by SDS-PAGE and transferred onto polyvinylidene difluoride membranes. Blotted membranes were incubated with primary antibodies, followed by visualization using a horseradish peroxidase-conjugated secondary antibody. Peroxidase activity was detected by SuperSignal Western Blot Enhancer (Thermo Fisher Scientific Inc.). The blots were examined by ImageQuant 350 analyzer (Amersham Biosciences).
Statistical analysis
All results are expressed as mean±SD. Each experiment was performed a minimum of three times. Statistically significant differences were assessed using one-way ANOVA followed by Dunn's post-hoc test. P<0.05 (significant) or P<0.01 (highly significant) were considered as statistically significant levels.
Results and discussion
Optimization of ES-GNs through antioxidant activity of ES extract
ES extract used to synthesize gold nanoparticles synthesis was analyzed for its total phenolic and flavonoid content, reducing power potential, and antioxidant activity (by ABTS and DPPH assays). The total phenolic content of ES extract was 287.9 µg gallic acid equivalents/g. The flavonoid content of ES extract was 92.7 µg quercetin equivalents/g. Reducing power potential of ES extract was in the range of 3.78 µg ascorbic acid equivalents/g. Furthermore, ES extract (0.1-1 mg/mL) exhibited DPPH and ABTS radical scavenging activity (10-80%) ( Figure 1A and B) . These results may be due to the presence of different antioxidant compounds. This finding could be related to the results of reducing power potential, total phenolic and flavonoid content, and antioxidant activity of ES extract, suggesting that reducing power potential, high phenolic and flavonoid content, and antioxidant activity of ES extract could provide an advantage in reducing, capping, and stabilizing of ES-GNs. This is in-line with several research papers suggesting that higher phenolic and flavonoid content are also responsible for providing anti-neuroinflammatory properties. For the green synthesis of gold nanoparticles, ES extract was incubated with chloroauric acid solution. As a result, the light yellow color of ES extract changed to a ruby red color by reduction of chloroauric acid solution.
The appearance of ruby red color indicated the formation of gold nanoparticles, which was due to the excitation of surface plasmon vibrations in ES-GNs. Next, the synthesis of ES-GNs was confirmed by UV-Vis spectrophotometry at wavelengths in the range of 300-800 nm ( Figure 1C and D) . The spectrum of ES extract showed no peaks but that of ES-GNs showed a characteristic absorption peak at a wavelength of approximately 528 nm, which was attributed to surface plasmon resonance. For ES-GNs, synthesis was successfully confirmed directly in the suspension with purified gold nanoparticles. Reaction parameters of optimization of gold nanoparticles, such as ES extract concentration, chloroauric acid solution concentration, and reaction times should be considered to appraise the possibilities for quick and simplified purification of gold nanoparticles. ES extract concentration demonstrated that 1 mg/ mLof ES extract was optimal for economic synthesis of ES-GNs ( Figure 1E ). Time optimization studies revealed that 4 mins were required for ES-GN formation ( Figure  1F ). Chloroauric acid solution optimization studies revealed that 1 µM chloroauric acid solution was required for its complete reduction to ES-GNs ( Figure 1G ). Thus, the optimal conditions were identified for ES-GNs green synthesis with respect to ES extract concentration, reaction time, and chloroauric acid solution concentration, resulting in the highest yield and minimal agglomeration.
DLS, HR-TEM, and EDS analysis of ES-GNs
DLS analysis was performed to study the size distribution and zeta potential of ES-GNs and to determine the hydrodynamic diameter and available surface charge to be electrostatically stabilized and resistant to spontaneous aggregation. For ES-GNs, the hydrodynamic size was 57.6±3.07 nm with a polydispersity index (PDI) value of 0.34 ( Figure 2A ). The relative PDI value is indicative of size distribution in ES-GNs. The zeta potential was −24.6±0.84 mV with a single peak. High negative zeta potential values indicated the presence of a repulsive force for electrostatic stabilization ( Figure 2B) . Commonly, the hydrodynamic size is higher than that measured from the HR-TEM images as the hydrodynamic size includes the hydration layer in addition with Figure 2E ). High-angle annular dark field-TEM further confirmed the presence of gold composite nanoparticles ( Figure 2F and G). Moreover, this was confirmed by EDS analysis, indicating the presence of elemental gold peak, which are the green synthesized gold nanoparticles from ES extract. The optical adsorption peak of ES-GNs was confirmed at nearly 2.20, 9.75, and 11.63 keV, thereby confirming the presence of gold ( Figure 2H ).
XRD and FT-IR analysis of ES-GNs
The XRD pattern of ES-GNs displayed characteristic peaks that were in agreement with those of wellcrystallized gold pattern. Based on the XRD spectrum, the peaks were presented at 37.77°, 43.74°, 64.50°, and 77.33°, which were indicative of (111), (200), (220), and (311) planes of face-centered cubic structure for gold nanoparticles, respectively. The diffraction intensity of the (111) planes was intensely strong compared to that of the (200), (220), and (311) planes, indicating that the (111) plane was the main crystal orientation of ES-GNs. These results suggest that the reducing factors from ES extract specially adsorbed lower surface energy of the (111) plane and facilitated the growth of the Au crystal facets in this plane ( Figure 3A and B 
XRD patterns of ES extract (A) and synthesized ES-GNs (B). FT-IR spectra of ES extract (C) and synthesized ES-GNs (D).
Abbreviations: XRD, X-ray diffraction; FT-IR, Fourier transform-infrared spectroscopy. Figure 3C and D) , clearly indicating that the phenolic compounds of ES extract were likely to be accountable for reduction to ES-GNs.
ES-GNs exhibited no cytotoxic effect and reduced pro-inflammatory cytokine levels and ROS production
Mouse primary microglia and immortal BV-2 mouse microglial cells exhibit similar neuroinflammatory responses. Therefore, neuroinflammation-related drug research on primary microglia and BV-2 microglial cells is normally performed to elucidate neurodegenerative disorders characterized by chronic neuroinflammatory responses. 42 To investigate cell viability and Figure 4A and B). LDH was investigated to confirm whether ESGNs induced cytotoxicity in primary microglia and BV-2 microglia cells. The results demonstrated that ES-GNs and ES extracts exhibited no cytotoxic effects ( Figure 4C and D). According to MTT and LDH assay results, subsequent experiments of ES-GNs and ES extracts with primary microglia and BV-2 microglial cells were performed at concentrations up to 20 μg/ mL. LPS, a principal endotoxin of the outer membrane of Gram-negative bacteria, which stimulates expression of pro-inflammatory cytokines and mediators via TLR4 binding, activated a high number of intracellular downstream signaling pathways. Moreover, LPS also induced pro-inflammatory cytokines, such as TNF-α))IL-1β) and IL-6, in microglia. These pro-inflammatory cytokines play fundamental roles in various neuroinflammatorymediated neurodegenerative diseases. 43 We next investigated TNF-α, IL-1β, and IL-6 inhibition effect of ESGNs in primary microglia and BV-2 microglial cells stimulated with LPS by ELISA. We confirmed that ESGNs significantly downregulated the production of proinflammatory cytokines TNF-α, IL-1β, and IL-6. Furthermore, ES-GNs per se had no significant effect on TNF-α, IL-1β, and IL-6 production. ES extract also did not significant inhibitory effect on these productions ( Figure 4E and F). ROS are major factors involved in promoting neuroinflammatory responses, and their overproduction increases LPS-stimulated microglia. 29 We analyzed ROS production in primary microglia and BV-2 microglial cells using a flow cytometer. We determined that ROS production was strongly induced in LPS-stimulated microglia. However, we found that ES-GN pre-treatment reduced ROS production in LPSstimulated primary microglia and BV-2 microglial cells. There was no significant difference in ROS production in the control and ES-GNs alone without LPS stimulation groups. ES extract also did not significant inhibitory effect on ROS production ( Figure 4E and F) . These results suggest that ES-GNs exhibited inhibitory effects on pro-inflammatory cytokines and ROS production in LPS-stimulated primary microglia and BV-2 microglial cells.
cytotoxicity effects of ES-GNs on primary microglia and BV-2 microglia cells, cell viability was determined by performing MTT assay at various concentrations of ES-GNs and ES extracts (40 μg/mL). ES-GN treatment did not significantly alter microglia viability (
ES-GNs suppressed neuroinflammatory factor via NF-κB, JAK/STAT, MAPK, and PLD pathways
iNOS and COX-2 were also involved in neuroinflammation-induced progression of neurodegenerative diseases. The overexpression of iNOS and COX-2 in microglia caused neurotoxicity by producing excessive NO and PGE 2 , and knockdown system of INOS and COX-2 showed neuroprotective properties in microglia and mouse models. Furthermore, LPS-induced NO and PGE 2 production and increased expression of iNOS and COX-2 in microglia are associated with neurodegenerative diseases. 30 This is in-line with published results suggesting that overactivation and overexpression of iNOS and COX-2 by microglia has various deleterious effects on neuronal constituents. To investigate iNOS and COX-2 enzymatic activity, Griess reagent and ELISA kits were used to detect the production of NO and PGE 2 in primary microglia and BV-2 microglial cells. The results showed that in the LPSstimulated group, a significant increase in the production of NO and PGE 2 was observed compared to that in the control group, whereas ES-GNs dose-dependently inhibited LPS-stimulated production of NO and PGE 2 in primary microglia and BV-2 microglial cells. ES extract did not significant inhibitory effect on these productions ( Figure 5A and B). To investigate whether inhibitory effects of NO and PGE 2 by ES-GNs were controlled at the mRNA level, promoter activity, and protein expression, we performed real-time PCR, luciferase assay, and western blotting, respectively, for iNOS and COX-2. The mRNA level, promoter activity, and protein expression of iNOS and COX-2 increased significantly in response to LPS, whereas ES-GNs inhibited these effects in a dosedependent manner. ES extract did not significant inhibitory effect on these protein expression ( Figure 5C -G). There was no significant difference in iNOS and COX-2 enzymatic activity and expression level in the control and ESGNs alone without LPS stimulation groups. Numerous previous studies have revealed that a high number of intracellular signaling pathways, such as IKK-α/β, NF-κB, JAK/STAT, ERK-1/2, p38 MAPK, JNK, and PLD signaling pathways, play an essential role in the regulation of neuroinflammation responses during chronic activated microglia. NF-κB, an important transcription factor, plays a key role by regulating neuroinflammatory responses. 20, 23 Therefore, phosphorylation level, nuclear translocation, and promoter binding activity were determined to evaluate the activation of IKK-α/β, NF-κB, JAK/STAT, ERK-1/2, p38 MAPK, JNK, and PLD in LPS-stimulated BV-2 Figure 4 Effect of ES extract and ES-GNs on microglia viability and pro-inflammatory cytokine production. Primary microglia (A) and BV-2 microglia cell viability (B) were determined using the MTT assay. Primary microglia (C) and BV-2 microglia cell cytotoxicity (D) were analyzed using the LDH assay. (E, F) The production of TNF-α, IL-1β, and IL-6 in the culture media was analyzed using a commercial ELISA kit. ROS content was determined using CM-H 2 DCFDA. # P<0.01 relative to the control group. *P<0.05 and **P<0.01 relative to the LPS-treated group. Abbreviations: ES, Ephedra sinica; LDH, lactate dehydrogenase; TNF-α, tumor necrosis factor-α. microglial cells. As indicated, compared with the control, LPS strongly increased the phosphorylation of IKK-α/β and NF-κB p65. However, when the LPS-stimulated BV-2 microglial cells were pre-treated with ES-GNs, ES-GNs reduced the phosphorylation of IKK-α/β and NF-κB p65 ( Figure 5H and I) . We further confirmed that nuclear translocation and promoter binding activity of NF-κB p65 were significantly attenuated by ES-GNs treatment in LPS-stimulated BV-2 microglial cells ( Figure 5I and J) . These results also showed that ES-GNs dose-dependently suppressed the phosphorylation of JAK-1 and STAT-1 in LPS-stimulated BV-2 microglial cells ( Figure 5K ).
Similarly, phosphorylation of ERK-1/2, p38 MAPK, and JNK was inhibited by ES-GNs in a concentrationdependent manner in LPS-stimulated BV-2 microglial cells ( Figure 5L ). PLD is expressed on various immune cells and is significant in the regulation of cytokine production. 16 Thus, we examined whether PLD activity was inhibited by ES-GNs using the Amplex Red PLD assay kit. LPS stimulation increased PLD activity, whereas treatment with ES-GNs inhibited PLD activity in LPSstimulated BV-2 microglial cells ( Figure 5M ). ES-GNs alone had no significant effect on IKK-α/β, NF-κB, JAK/STAT, ERK-1/2, p38 MAPK, JNK, and PLD activation. Figure 5 Effect of ES-GNs on iNOS and COX-2 activity via the IKK-α/β, NF-κB, JAK/STAT, ERK-1/2, p38 MAPK, JNK, and PLD signaling pathways in BV-2 microglia cell. NO content (A) was measured using the Griess reaction. PGE 2 (B) was measured using a commercial ELISA kit. The relative mRNA levels encoding iNOS (C) and COX-2 (D) were determined by real-time RT-PCR. Dual luciferase assay was performed to evaluate iNOS (E) and COX-2 (F) promoter activity. These findings suggested that ES-GNs exhibited antineuroinflammatory properties by inhibiting the activation of IKK-α/β, NF-κB, JAK/STAT, ERK-1/2, p38 MAPK, JNK, and PLD signals in LPS-stimulated BV-2 microglial cells.
AMPK and NRF2/ARE activation mediated ES-GNs-induced anti-neuroinflammatory properties HO-1 and NQO1 are major antioxidant response factors in neuroinflammatory responses and are an important cellular mechanism to eliminate pro-inflammatory mediators and cytokines. 44 Consistent with previous studies, we found that Abbreviations: HO-1, heme oxygenase-1; NQO1, NAD(P)H dehydrogenase1; Nrf2, nuclear erythroid 2-related factor 2; TBP, TATA-binding protein; si, small interfering; AMPK, AMP-activated protein kinase.
transfection with control siRNA in LPS-stimulated BV-2 microglial cells ( Figure 6C and F). Nrf2 regulates an array of biological processes, including neuronal homeostasis and antineuroinflammatory responses as well as its downstream proteins HO-1 and NQO1. 44 It was observed that nuclear accumulation of Nrf2 increased significantly following treatment with ES-GNs in LPS-stimulated BV-2 microglial cells ( Figure  6G ). To further analyze the possible relationship between ESGNs-induced Nrf2 signal activation and antineuroinflammatory properties, we used Nrf2-specific siRNA to silence Nrf2. As shown in Figure 6H , ES-GNs-induced Nrf2 activation and HO-1 or NQO1 expression were blocked in the Nrf2-silenced group. Interestingly, in the Nrf2-silenced group, ES-GNs were ineffective against LPS-stimulated iNOS promoter activity in BV-2 microglial cells ( Figure 6I ). To elucidate the upstream regulator of ES-GNs-mediated Nrf2/ARE activation, we investigated the activation of AMPK, which regulates cellular metabolic balance and reduces abnormal inflammatory responses. 28 The results showed that ES-GN treatment significantly increased the phosphorylation of AMPK in LPSstimulated BV-2 microglial cells, whereas ES-GNs alone exhibited no effects on AMPK phosphorylation ( Figure 6J ). Therefore, we made an assumption that ES-GNs exhibited anti-neuroinflammatory properties via activating the AMPKmediated Nrf2/ARE signal in LPS-stimulated BV-2 microglial cells. We also demonstrated that the AMPK-silenced group inhibited the activation of Nrf2 signaling and suppressed the expression of the downstream proteins HO-1 and NQO1 ( Figure 6K ). Most importantly, the AMPK-silenced group partially abolished the anti-neuroinflammatory properties of ES-GNs ( Figure 6L ). Based on the above findings, it is reasonable to assume that the AMPK/Nrf2/ARE signal was involved in the anti-neuroinflammatory properties of ES-GNs in LPSstimulated microglia.
Limitations of the study The hepatobiliary elimination of gold nanoparticles AS described above, E. sinica Stapf extract-capped gold nanoparticles have a great potential in the neuroinflammatory-mediated neurodegenerative diseases. Nonetheless, gold nanoparticles are inescapable to consider side effects on human health. In particular, the hepatobiliary elimination of gold nanoparticles from the liver through bile into the intestine and feces to pharmacological systems has been a matter in question. Characteristic of gold nanoparticles including shape, size, elasticity, and surface chemistry largely effect their hepatobiliary elimination. Although the several papers for the low toxicity of gold nanoparticles and their efficient elimination by the hepatobiliary system are increasing, clinical studies are still limited because of the lack of knowledge about the consequences of gold nanoparticles as anti-neuroinflammatory agents against neurodegenerative diseases.
The drug delivery using nanoparticle platform and blood-brain barrier (BBB)
In spite of the significance of therapeutics delivery to the brain, the presence of brain-blood barrier is a critical obstacle to brain transporter of drugs. Gold nanoparticles due to their high biocompatibility, size, surface charge, and functionality provide attractive platform to enhance therapeutic delivery into inaccessible regions like the brain, allowing for a wide range of brain-targeting strategies to be employed. Nevertheless, their deficient BBB permeability confers on them only a limited function to transport them to the brain.
The green synthesis of gold nanoparticle
The most usually employed method for the synthesis of gold nanoparticles is the reduction of chemical by a reducing agent in the presence of stabilizing agent. Unfortunately, many reducing agents are capital or energy exhaustive and many toxic chemicals like surfactants or thiol groups are involved. Therefore, synthesis in medicinal plant often gives a cost-effective, clean, and environmentally harmless final product. Green synthesis is one of the best options due to its eco-friendly nature. Nevertheless, the recent studies have yet to fully demonstrate the complex interactions between medicinal plant and gold nanoparticles in which they synthesize.
Conclusion
ES-GNs were synthesized using ES extract and optimized, and their physicochemical characteristics and antioxidant capacity were determined. To the best of our knowledge, this is the first report indicating that ES-GNs exhibit antineuroinflammatory properties in LPS-stimulated microglia. ES-GNs can decrease the levels of proneuroinflammatory cytokines and mediators, which results in amelioration of neurodegenerative disorders. Further, ES-GNs exhibited anti-neuroinflammatory properties by decreasing ROS levels in microglia. Mechanistic insights indicated that ES-GNs downregulated the IKK-α/β, NF-κB, JAK/STAT, ERK-1/2, p38 MAPK, and JNK signaling pathways in LPS-stimulated microglia but upregulated the expression of HO-1 and NQO1 and activation of Nrf2 and AMPK ( Figure 7 ). On the basis of these findings, ES-GNs could serve as a promising anti-neuroinflammatory agent in a therapeutic strategy for treating neuroinflammationmediated neurodegenerative diseases. Abbreviations: ES-GN, Ephedra sinica Stapf extract-gold nanoparticle; TNF-α, tumor necrosis factor-α; iNOS, Inducible nitric oxide synthase; COX-2, cyclooxygenase; p-, phosphorylated; Ikk, IĸB kinase; TBP, TATA-binding protein; JAK, Janus kinase; STAT, signal transducer of activation; MAPKs, Mitogen-activated protein kinases; HO-1, heme oxygenase-1; NQO1, NAD(P)H dehydrogenase1; Nrf2, nuclear factor erythroid-derived 2-related factor 2; TBP, TATA-binding protein; AMPK, AMP-activated protein kinase.
